A r t i c l e s
Caspases are a family of aspartic acid-specific cysteine-dependent proteases mainly involved in apoptotic and inflammatory signaling pathways 1 . The inflammatory caspases, including caspase-1 (also known as interleukin-1β (IL-1β)-converting enzyme), caspase-4 (mouse caspase-11), caspase-5 and caspase-12 (A000495), are clustered on human chromosome 11q22.2-22.3 (mouse chromosome 9A1), which supports the idea that they originate from the same ancestral genes 2 . Caspase-1 and caspase-12 are two important components of the inflammasome signaling that senses bacteria, in which caspase-1 cleaves the precursor forms of IL-1β and IL-18 and caspase-12 counteracts caspase-1 activity [3] [4] [5] . Several studies have demonstrated that caspase-1 has an important role in viral immunity. As part of the NLRP3 (Nod-like receptor family, pyrin domaincontaining 3) inflammasome, caspase-1 is required for immunity to influenza viruses [6] [7] [8] . Engagement of the viral RNA receptor RIG-I by certain viruses leads to activation of caspase-1-dependent inflammasome signaling by an NLRP3-independent mechanism 9 . The role of caspase-12 in viral immunity has not been addressed so far. Several nonsense mutations are present in the human gene encoding caspase-12, which result in a truncated protein with only the caspase-recruitment domain (CARD). In about 20% of people of African descent, a full-length variant is expressed, but it may be enzymatically inactive, as its catalytic Ser-His-Gly motif is altered to Ser-His-Ser. People with a full-length variant are hyporesponsive to endotoxins and are prone to severe sepsis 3 . Mouse caspase-12 is fully expressed with a mutation in the sequence encoding its catalytic domain that renders it an extremely inefficient enzyme. Although catalytically competent, caspase-12 is unable to cleave any known caspase proenzymes, apoptotic substrates, cytokine precursors or the endoplasmic reticulum protein targets of caspase-mediated proteolysis 10 . The only known substrate is itself, in which the cleavage occurs at the Ala-Thr-Ala-Asp319 motif both in cis and in trans and requires the caspase-12 catalytic activity 10 . This self-cleavage, however, is distinct from canonical caspase cleavage, as a pan-caspase inhibitor fails to block caspase-12 autoprocessing 11 , which suggests that autoprocessing serves a purpose other than apoptosis. Caspase-12 has also been shown to bind to RIP2, the adaptor of the Nod pathogen pattern-recognition receptor, thus displacing the ubiquitin ligase TRAF6 from the signaling complex and dampening the production of antimicrobial peptides 11 .
The putative role of caspase-12 in endoplasmic reticulum stressinduced apoptosis remains controversial. Early evidence showing caspase-12-mediated endoplasmic reticulum stress-induced apoptosis in response to amyloid toxicity 12 relied heavily on the cleavage of caspase-12, which may be a result of autoprocessing 10 or calpain cleavage 12, 13 but not on caspase cascade processing. Moreover, the physiological relevance of caspase-12 cleavage remains incompletely understood, given the fact that the catalytic cysteine is dispensable for its effects on caspase-1 (ref. 4) . Subsequent studies have shown that caspase-12 can be processed by the ubiquitin ligase TRAF2 (ref. 14) or caspase-7 (ref. 15) . The cleaved products of caspase-12 can in turn directly or indirectly process caspase-9 and then caspase-3, which leads to cytochrome c-dependent or cytochrome c-independent apoptotic pathways 12, [15] [16] [17] . These could be cell type-and/or stimulus-specific phenotypes, as caspase-12 is dispensable for apoptosis in mouse embryonic fibroblasts (MEFs) 4, 18, 19 . In addition, inflammatory stimuli can induce endoplasmic reticulum stress 20 , which could explain the involvement of caspase-12 in endoplasmic reticulum stress-induced apoptosis.
RESULTS

Caspase-12 controls WNV infection in vivo
The NLRP3 inflammasome has been shown to be required for innate and adaptive immune responses to influenza viruses [6] [7] [8] . To determine whether NLRP3 inflammasome signaling is important for the host immune response to neurotropic WNV, we infected NLRP3-deficient (Nlrp3 −/− ) mice with a sublethal dose of WNV. The overall survival in these mice was similar to that of the wild-type control mice ( Supplementary Fig. 1 ), which suggested that the inflammasome does not have an important role in WNV pathogenesis. However, we found that mice deficient in caspase-12 (Casp12 −/− mice), a negative regulator of inflammasome signaling [3] [4] [5] , were significantly more susceptible to WNV-induced lethality than control mice were when challenged with either a low dose of virus (200 plaque-forming units (PFU)) via subcutaneous footpad inoculation or a high dose of virus (1,500 PFU) via intraperitoneal inoculation (Fig. 1a) . In addition, Casp12 −/− mice developed severe neurological symptoms, including limb weakness, tremor, ataxia and paresis ( Supplementary  Videos 1-3) . To quantify the neurological deficit observed in Casp12 −/− mice, we did footprint analyses at day 5 after infection via the intraperitoneal route. Compared with WNV-infected wildtype mice, Casp12 −/− mice infected with WNV developed substantial alterations in the following gait parameters: step length (average distance of forward movement between alternate steps), step regularity (as measured by the sigma coefficient) and step uniformity (as measured by the alternation coefficient; Fig. 1b) . These results are indicative of gait deterioration and cerebellar ataxia 34 and confirmed the WNV-induced neurological deficit in Casp12 −/− mice. We then did virological analyses of peripheral and neural tissues. Viremia was significantly higher in Casp12 −/− mice than in wild-type mice at day 4 after infection, as determined by quantitative real-time PCR analysis of WNV envelope (WNV-E) transcripts and plaque assay (Fig. 1c) . We observed a similar trend in lung and spleen tissues. In line with the survival data and footprint analyses, the viral burden (as assessed by WNV-E and plaque assay) was greater in the CNS of Casp12 −/− mice than that of wild-type mice at day 8 after infection by several orders of magnitude ( Fig. 1d and Supplementary Fig. 2a) . Lack of caspase-12 was also associated with more cell death in the CNS parenchyma ( Fig. 1e and Supplementary Fig. 2b ).
Caspase-12 facilitates the type I interferon response Caspase-12 is known to dampen the immune response to bacterial infection by inhibiting the activity of caspase-1, which cleaves the cytokines IL-1β and IL-18 into their active forms 4 . Caspase-12 has A r t i c l e s also been shown to dampen mucosal immunity to bacterial infection independently of its effects on caspase-1 (ref. 11). The plasma concentrations of interferon-β (IFN-β) protein were significantly lower in WNV-infected Casp12 −/− mice at days 2 and 4 after infection than in WNV-infected wild-type control mice (Fig. 2a) . Both Ifna and Ifnb mRNA were also significantly lower at day 2 after infection in the absence of caspase-12, and the concentration of IFN-β protein was significantly lower than that of wild-type mice in the lung and liver, but not in the spleen, at day 4 after infection ( Fig. 2b) . Other inflammatory cytokines, including tumor necrosis factor (TNF) and IL-12p40, however, were not affected by the lack of caspase-12 at day 4 after infection in the peripheral tissues and serum ( Supplementary  Fig. 3 ). These data collectively suggest caspase-12 has a dominant role in the type I interferon response. We next examined type I interferon (mRNA and protein) and TNF (protein) in the CNS at day 8 after infection with a low dose of virus (200 PFU). There was modestly but significantly less type I interferon and TNF in Casp12 −/− mice than in wild-type mice (Fig. 2c) . This defective type I interferon response was more evident in mice infected with a high dose of virus, administered intraperitoneally or intracranially ( Supplementary Fig. 4 ). To further confirm that neural tissues depend on caspase-12 for an adequate anti-WNV response, we isolated primary cortical neurons and microglia from the brains of wild-type and Casp12 −/− mice and quantified the viral load and type I interferon response after WNV challenge. Casp12 −/− neurons had a higher viral load and less Ifnb mRNA than did wild-type neurons (Fig. 2d) . However, caspase-12 was not required for the control of WNV infection or for the production of type I interferon in microglia, splenocytes or bone marrow-derived macrophages ( Supplementary Fig. 5 ). These data are in line with the finding of an orders-of-magnitude higher viral burden in CNS tissues of Casp12 −/− mice and suggest that caspase-12 shows certain cell specificity in its anti-WNV features. We then looked at differences in caspase-12 expression. Caspase-12 was induced more (~tenfold) as both protein and mRNA, coincidentally with the viral load (data not shown) in the encephalon (brain and cerebellum), at days 6-8 after infection than at day 4, when the virus starts to penetrate the CNS (Fig. 2e) . In addition, the cleaved products of caspase-12 were evident as early as day 6 after infection ( Fig. 2e) . RIG-I, one of the main host pattern-recognition receptors for WNV, was also induced substantially by WNV in the CNS, whereas TRIM25 remained unchanged Cortical neurons
Casp12 ( during the course of infection (Fig. 2e) . We noted that after infection with WNV, several tissues had much higher expression of Casp12 mRNA than did peripheral blood cells (Fig. 2f) . This may partially explain why caspase-12 is not important for the control of WNV infection in some of the cells of the immune response tested.
To further evaluate our in vivo findings, we isolated MEFs from embryos at day 14 and examined their response to WNV infection. Consistent with our in vivo observations, caspase-12 expression was induced by WNV infection, and lack of caspase-12 in MEFs significantly augmented WNV infection by sixfold as early as 12 h after infection (Fig. 3a) . WNV-E transcripts (as measured by quantitative PCR), WNV-E protein (as assessed by immunofluorescence microscopy) and the nonstructural viral proteins NS3 and NS2b (as assessed by immunoblot analysis) were much greater in abundance in Casp12 −/− MEFs than in wild-type cells (Fig. 3a-c) . The endoplasmic reticulum stress response is an innate response to microbial insult, and some reports indicate that it may be caspase-12 dependent 12 . Our results, however, showed that protein expression of the endoplasmic reticulum stress markers GRP94 and PDI was not lower in Casp12 −/− MEFs (Fig. 3c) . Published studies have also indicated involvement of caspase-12 in endoplasmic reticulum stress-induced caspase-3-mediated apoptosis 12, [15] [16] [17] . We found that caspase-3 enzymatic activity in Casp12 −/− MEFs was the same as that of wild-type cells (Supplementary Fig. 6a ). To determine if the catalytic domain of caspase-12 is important for its antiviral function, we overexpressed rat wild-type caspase-12 and a catalytically incompetent mutant of caspase-12 (C299A) 10 in MEFs, followed by infection with WNV. Overexpression of either the wild-type or mutant caspase-12 inhibited WNV infection substantially to a similar extent at 24 h after infection (Supplementary Fig. 6b ). As our in vivo results indicated that lack of caspase-12 affected production of type I interferon the most, we investigated whether this was also true for MEFs. We found that the production of IFN-α and IFN-β was much lower in Casp12 −/− MEFs, as both mRNA and protein ( Fig. 3d and Supplementary Fig. 7a,b) . Consequently, less type I interferon in Casp12 −/− MEFs also led to attenuation of the downstream antiviral gene Isg15 (Supplementary  Fig. 7c) . The main WNV RNA-sensing molecule RIG-I (ref. 27 ) was also downregulated (as protein and mRNA) in Casp12 −/− cells as early as 12 h after infection, even though the WNV NS3 and NS2b proteins were greater in abundance (Fig. 3e and Supplementary   Fig. 7d ). However, after infection with WNV, lack of caspase-12 did not substantially affect the mRNA for Mda5, another viral patternrecognition receptor, or MAVS (Cardif, VISA or IPS-I), the mitochondrial adaptor for RIG-I and Mda5 (Supplementary Fig. 7e,f) . These results are in line with published reports suggesting that RIG-I has an important anti-WNV role in MEFs 27 and collectively indicate that caspase-12 mediates its interferon-promoting effect via RIG-I. To confirm that caspase-12 specifically targets RIG-I signaling, we tested infection of Casp12 −/− MEFs with Sendai virus (SeV), which is sensed specifically by RIG-I, and encephalomyocarditis virus (EMCV), which is recognized mainly by Mda5 (ref. 35 ). Knockout cells were more permissive to SeV than were wild-type cells, as assessed by the viral NP3 mRNA, and produced less IFN-β (protein and mRNA) than wildtype cells did (Fig. 3f) . The concentrations of the protein products of selected interferon-stimulating genes (ISG proteins), including IRF7, ISG15, RIG-I and STAT1, and nuclear interferon-regulatory factor 3 protein were consistently lower in Casp12 −/− MEFs than in wild-type MEFs (Fig. 3g) . However, caspase-12 was not important for the type I interferon response to EMCV infection (Supplementary Fig. 8) , which supports the idea of caspase-12-specific regulation of RIG-I.
Signaling through IFN-α and IFN-β receptors serves a critical antiviral role by inducing many antiviral genes and amplifying the interferon response. We next examined whether the type I interferon signaling pathway is functional in Casp12 −/− cells. We pretreated MEFs with recombinant IFN-β and then assessed their infection with WNV. Our results indicated that pretreatment with recombinant A r t i c l e s
IFN-β was able to lower the WNV burden (as assessed by mRNA) in
Casp12 −/− cells to the burden in untreated wild-type MEFs (Fig. 4a) , which emphasizes the relevant role of type I interferon in the control of WNV replication. Exogenous IFN-β treatment was also able to fully restore the expression of RIG-I and ISG15 in Casp12 −/− MEFs to that of untreated wild-type MEFs (Fig. 4b-c) , but it was unable to restore endogenous Ifnb mRNA expression (Fig. 4d) . These results show that Casp12 −/− MEFs have intact IFN-β receptor signaling and faulty RIG-I signaling. That proposal was further strengthened by experiments with IFN-β treatment alone, in which all the ISG proteins we assessed were induced equally well in Casp12 −/− MEFs and wild-type MEFs (Fig. 4e) .
Caspase-12 regulates RIG-I signaling via TRIM25
The physical interaction between RIG-I and caspase-12 suggested a potentially functional interaction. The two CARDs of RIG-I are responsible for protein-protein interactions. However, these domains are masked by a repression domain in resting cells 36 . Thus, we used only the two CARDs to assess the RIG-I-caspase-12 interaction in MEFs. A construct of the two CARDs conjugated to glutathione S-transferase (GST-2CARDs) was able to precipitate caspase-12 and also V5-tagged TRIM25, a positive control that has been demonstrated to bind the two CARDs of RIG-I (ref. 29; Fig. 5a ). Notably, purified recombinant caspase-12 was able to directly bind to GST-2CARDs
but not to GST-TRIM25 (Fig. 5b) . We then did immunofluorescence microscopy to see if caspase-12 and RIG-I localized together in WNV-infected MEFs and primary cortical neurons. Many caspase-12-stained structures localized together with RIG-I (Fig. 5c) . TRIM25-mediated ubiquitination of RIG-I has been shown to be essential for RIG-Imediated antiviral signaling 29 . To determine whether caspase-12 is involved in this process, we introduced a RIG-I expression construct into wild-type and Casp12 −/− MEFs and affinity purified the ubiquitinated proteins. Total protein ubiquitination was greater in Casp12 −/− cells, probably due to their higher viral load (Fig. 6a) . These ubiquitinated proteins were mainly cellular proteins, as we failed to detect any viral proteins (data not shown). Although TRIM25 protein expression was similar in whole-cell extracts of wild-type and Casp12 −/− MEFs, ubiquitinated RIG-I was much lower in abundance in Casp12 −/− cells (Fig. 6b) . To further confirm that finding, we introduced a Flagtagged RIG-I expression plasmid into MEFs, followed by infection for 24 h with WNV. Flag-tagged RIG-I was immunoprecipitated with an antibody to Flag. There was less ubiquitinated RIG-I in Casp12 −/− cells than in wild-type cells (Fig. 6c) . This defect in RIG-I ubiquitination seen in Casp12 −/− MEFs had physiological effect on the type I interferon response. Overexpression of RIG-I and TRIM25 resulted in three-to fourfold more Ifna and Ifnb transcripts at a very early stage of WNV infection in wild-type cells, whereas we did not observe this effect in Casp12 −/− cells (Fig. 6d) . In addition, the expression of RIG-I and TRIM25 in Casp12 −/− cells was similar to that in wild-type cells (data not shown). The two CARDs of RIG-I are subject to robust TRIM25-mediated ubiquitination 29 . Consistent with that, CARD ubiquitination was enhanced in wild-type cells overexpressing wild-type TRIM25 but not in those overexpressing TRIM25 lacking the RING-finger domain. However, TRIM25-mediated ubiquitination of the CARDs in Casp12 −/− cells was ~35% as much as that in wild-type cells (Fig. 6e) . It has been also shown that the CARDs of RIG-I are able to induce type I interferon autonomously 29 . We next determined if this signaling requires caspase-12. Overexpression of GST-2CARDs was able to upregulate Ifnb eightfold in wild-type cells but only twofold in Casp12 −/− cells (Fig. 6f) . 
DISCUSSION
The role of caspase-12 as an attenuator of the immune response to bacterial infection has been well documented 3, 4, 11 , but its function in viral infection has not been examined directly. Here we have provided evidence demonstrating that caspase-12 was required for an effective innate immune response to WNV infection through its action on the viral pattern-recognition receptor RIG-I. We found that WNVinfected Casp12 −/− mice had lower survival, exacerbated neurological symptoms and a greater viral burden. Instead of acting as an attenuator, caspase-12, through the regulation of TRIM25-mediated ubiquitination of RIG-I, was required for the type I interferon response to WNV. However, the literature remains controversial about the role of caspase-12 in virus-induced apoptosis 18, 19, [37] [38] [39] [40] . The in vitro results that we have reported here also support the idea that caspase-12 is neither essential for virus-induced endoplasmic reticulum stress nor essential for apoptosis. Neuroinvasion by WNV causes an acute, sometimes fatal, encephalomyelitis that results from neuronal death mainly via degenerative necrosis or apoptosis 41, 42 . Uncontrolled WNV replication in the CNS of Casp12 −/− mice contributed to their higher mortality rate than that of wild-type mice. It has been proposed that the long-term neurological sequelae of infection with WNV, such as defective motor function, limb weakness and paralysis, probably represent a considerable source of morbidity in patients after their recovery from acute illness 43 . Because of their unique neurological phenotype, which partially resembles the clinical features of WNV encephalitis, WNVinfected Casp12 −/− mice may be a valid model for testing candidate therapeutics for the treatment of the neurological symptoms of viral encephalitides.
How does caspase-12 limit WNV replication? Our results showed that caspase-12 was required for an effective antiviral immune response, especially for the production of type I interferons. Caspase-12 was dispensable for IFN-β receptor signaling, as Casp12 −/− cells responded to recombinant IFN-β as well as wild-type cells did. Instead, caspase-12 was crucial for the production of type I interferon in response to WNV infection. We did not observe any difference in proinflammatory cytokines such as TNF and IL-12 in the periphery. This could have been due to the inhibitory function of caspase-12 on IL-1β maturation, which might contribute to the expression of proinflammatory cytokines 4, 11 . Our results showed that the consequences of an attenuated innate immune response in WNV replication were greater in the CNS than in the periphery. This may have been due to the immune-privileged nature of the CNS, as cellular immunity can be more readily mobilized to help control dissemination of virus in the periphery. Moreover, caspase-12 was considerably induced in the CNS after WNV infection, and CNS tissues had much higher expression of caspase-12 (~50-to 100-fold) than peripheral blood cells at the peak of viral infection. All these considerations might explain why the antiviral function of caspase-12 is particularly important in the CNS. In vitro, we observed the importance of caspase-12 in limiting viral replication in MEFs as well as in primary neurons but not in splenocytes, macrophages or microglia. This cell type-specific phenomenon was probably due to differences in the expression of caspase-12; that is, MEFs and neurons expressed more caspase-12 protein than did macrophages or splenocytes (200-to 300-fold and five-to tenfold more, respectively) with or without WNV infection (data not shown). Another factor might be the degree of dependence of the type I interferon response on RIG-I and presence of redundant pattern-recognition receptor signaling pathways in different cell types.
Our in vitro data further demonstrated that caspase-12 regulated the anti-WNV immune response at the level of viral RNA sensors. First, type I interferon expression reached its peak much later (12 h) in Casp12 −/− cells than in wild-type cells but was still not completely abolished in these cells. Moreover, caspase-12 was important for the type I interferon response to SeV (a mainly RIG-I-activating virus) but not the response to EMCV (a mainly Mda5-activating virus). Of note, a published study has shown that RIG-I is critical for initiating and maintaining anti-WNV immune responses, whereas Mda5 has only a maintenance role. Loss of both RIG-I and Mda5 completely abolishes the innate antiviral response to WNV in MEFs 27 . Therefore, the results mentioned above indicate that caspase-12 A r t i c l e s specifically regulates RIG-I signaling. Second, ubiquitination of RIG-I, the main sensor in MEFs and in vivo for WNV doublestranded RNA, was compromised in Casp12 −/− cells. RIG-I ubiquitination by different E3 ligases can lead to different consequences 29, 30 . Our results also showed that caspase-12 was important for TRIM25-mediated ubiquitination of RIG-I and its downstream type I interferon response. Overexpression of TRIM25 enhanced IFN-β production in wild-type cells but not in Casp12 −/− cells, which indicates that caspase-12 regulates TRIM25 activity. Caspase-12 potentially helps recruit RIG-I to TRIM25. Indeed, caspase-2 and caspase-8 are able to directly or indirectly recruit the ubiquitin ligase TRAF2 and RIP1 to activate transcription factor NF-κB signaling 1 . Caspase-1 can directly interact with RIP2 through their CARDs in the TLR-or T cell antigen receptor-mediated NF-κB signaling pathway 44 . It has also been suggested that the prodomains of caspase-8 and caspase-10 act downstream of RIG-I or Mda5 to activate NF-κB signaling 45 .
In agreement with our observations, the nonapoptotic function of these caspases does not always require their enzymatic activity 1 . However, caspase-12 has been shown to serve as a dominant negative binder of caspase-1 to inhibit IL-1β maturation and a negative interactor of RIP2 to displace TRAF6 (refs. 4,11) . The varying roles for caspases depending on the disease, tissue and infectious agent are not unexpected. A good example of this is caspase-1, which is critical for IL-1β maturation after bacterial infection but downregulates antiviral RIG-I signaling by promoting its secretion from cells 46 . The inhibitory function of caspase-12 on caspase-1-mediated IL-1β maturation could be of considerable physiological importance during the course of viral infection. This dual functionality of caspase-12 could maximize host antiviral effects by limiting the production of mature IL-1β, which would inhibit the IFN-β response 47 and in the meantime minimize the immunopathological consequences of IL-1β. Estrogen represses caspase-12 expression, which may help females fight bacterial infection 48 . Notably, estrogen has also been shown to downregulate the antiviral response to RNA viruses in dendritic cells by suppressing the production of type I interferon 49 . It is plausible that estrogen affects the production of type I interferon in response to viral infection partly because of its effect on caspase-12 expression. The putative consequences of variations in the concentration of estrogen (both physiological and pathological) on susceptibility to flavivirus infection warrant further investigation. However, full-length caspase-12 is expressed in only ~20% of people of African descent and is associated with bacterial sepsis that is more prevalent in African Americans than other groups 3 . It is possible that sepsis could be involved in the selection of truncated caspase-12 over full-length caspase-12. However, this selection, like malaria resistance and sickle cell disease, could pose a disadvantage in fighting viral infections, including infection with WNV. Thus, it would be also useful to investigate whether full-length caspase-12 is associated with resistance to neurotropic viral infection or whether the short form of human caspase-12 is also able to modulate the antiviral response.
In summary, we have reported here an antiviral role for caspase-12 both in vivo and in vitro. We found that caspase-12 was required for an effective interferon response through the regulation of TRIM25-mediated ubiquitination of RIG-I. Our study offers new insight into the complex regulatory machinery for antiviral signaling pathways that could be exploited for therapeutic purposes.
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